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ABSTRACT 

Star formation within the central galaxies of galaxy clusters is often interpreted as being fueled by 
cooling of the hot intracluster medium. However, the star-forming gas is dusty, and Spitzer spectra 
show that the dust properties are similar to those in more normal star- forming environments, in which 
the dust has come from the winds of dying stars. Here we consider whether the primary source of the 
star-forming gas in central cluster galaxies could be normal stellar mass loss. We show that the overall 
stellar mass-loss rate in a large central galaxy 4-8MQyr~^) is at least as large as the observed 
star-formation rates in all but the most extreme cases and must be included in any assessment of the 
gas-mass budget of a central cluster galaxy. We also present arguments suggesting that the gas shed 
by stars in galaxy clusters with high core pressures and short central cooling times may remain cool 
and distinct from its hot surroundings, thereby preserving the dust within it. 

Subject headings: Stars: mass loss — Galaxies: clusters: general — Galaxies: ISM 



1. INTRODUCTION 

The purpose of this paper is to draw attention to an 
obvious but sometimes overlooked fact: Normal stellar 
mass loss in the central galaxies of galaxy clusters re- 
leases substantial amounts of gas into their cores. Our 
understanding of cluster cores cannot be considered com- 
plete unless it accounts for what happens to that gas. 
Most of the galaxies at the centers of clusters are not 
forming new stars and lack large reservoirs of cold gas, 
implying that the matter shed by dying stars is usu- 
ally expelled. However, a significant minority of central 
cluster galaxies contain 10^-10^^ Mq of cold gas (Edgi 
l2001t ) that is forming stars at rates from 1 Mq yr""'^ to 
10 M, y)yr~^, and in a few cases up to 100 Moyr~^ or more 
('e.g.. lO'Dea et al.ll2008D . The literature on the origin of 
this star-forming gas has focused primarily on cooling 
and condensation from the hot phase as its main source, 
positing that gas flows from the intracluster medium into 
the central galaxy. Here we argue that normal stellar 
mass loss is potentially a more important source of star- 
forming gas and that the usual direction of gas flow may 
be outward from the central galaxy, even in many clus- 
ters with short central cooling times. 

Cooling and condensation from the hot phase has re- 
ceived far more attention than stellar mass loss because 
gas from red-giant winds and planetary nebulae in ellipti- 
cal galaxies has generally been assumed to assimilate into 
the hot phase soon after being ejected. The hydrodynam- 
ics of assimilation is complex. Attempts to sketch out 
how it happens have postulated that Rayleigh- Taylor and 
Kelvin-Helmholtz instabilities rip the ejected gas clouds 
into small fragm ents that then evaporate through ther- 
mal conduction (|Mathewslll990f ). Exactly how this pro- 
cess of assimilation occurs in elliptical galaxies has not 
received much attention from simulators, and the simula- 
tions done to date have not provided conclusive answers 
about whether the ejected gas is quickly assimilated or 
remains cool and distinct f r om the hot ambient mediu m 
(jParriott fc Bregman|[200l iBregman fc Parriottll2009[ ). 
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Recent observations are motivating us to reconsider 
the assumption that stellar ejecta are always rapidly 
heated and assimilated in elliptical galaxies. For exam- 
ple, infrared spectra of star- forming central cluster galax- 
ies observed with Spitzer exhibit PAH emission and far- 
IR characteristics similar to those of m ore normal star- 
forming galaxies (jPonahue et al.l [20111 ). Dust has long 
been known t o be present in the associated emission-line 
nebulae (e.g., ISparks et aL l lT989.: Donahue fc Vo it 199^ 
and its presence is hard to explain if the only source of 
cool gas is condensation out of a hot mediun i in which the 
dust sputtering time is 1 Myr (but see iFabian et al.l 
[1991 . The presence of fragile PAHs is even harder to 
understand. Furthermore, the relative strengths of the 
PAH features resemble those of star-forming regions in 
late-type galaxies, strongly suggesting that the dusty gas 
has a similar origin in the winds of dying stars and has 
remained below the ^ 10^ K temperatures at which sput- 
tering becomes efficient, because sputtering would elim- 
inate the smallest grains first. 

The ability of ejected stellar gas to remain cool, with- 
out assimilating into the hot ambient medium of an el- 
liptical galaxy, is likely to depend on the pressure of that 
medium. Higher ambient pressures, such as those found 
in the central galaxies of cool-core clusters, promote more 
rapid radiative cooling which will more effectively coun- 
teract heating of gas that is already cool. The presence 
of cool gas in some of those galaxies might therefore be 
related more directly to the preservation of stellar ejecta 
in a cool state than to the ability of the hot gas to con- 
dense. 

Our brief discussion of these issues in this Letter pro- 
ceeds as follows. Section 2 evaluates the overall gas bud- 
get in central cluster galaxies, showing that in most cases 
the total amount of normal stellar mass loss is compa- 
rable to or greater than the star-formation rate. Sec- 
tion 3 examines whether gas ejected by stars into a hot 
elliptical galaxy can plausibly remain cold. Section 4 
concludes with a brief summary of the implications. All 
observed quantities are for a fiat ACDM cosmology with 
iJo = TOkms^^Mpc and Q.m = 0.3. 
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2. BALANCING THE GAS BUDGET 

Star formation in a central cluster galaxy can tap two 
sources of gas, the hot intracluster medium and the stars 
of the galaxy itself. The rate at which gas condenses 
from the hot medium and settles into the central galaxy 
is hard to measure and is ce rtainly not as large as was 
once thought (Pet erson fc F abian 2006). Observational 
limits on emission lines from intermediate-temperature 
gas are the primary constraints on that condensation rate 
and yield inconclusive results, since the upper limits on 
mass-cooling rates tend to decline as one looks at emis- 
sion lines c haracteristic of progr essively cooler temper- 
atures fe.g.. ISanders et a"I]|2010() . It has also been sug- 
gested that turbulent mixing can transfer gas from the 
hot phase to the cold phase without produ cing emission 
lines from intermediate temperatures fe.g.. iFabian et all 
l2002f ). However, the total amount of intracluster gas that 
has condensed in a central cluster galaxy during the last 
few billion years cannot exceed the mass in cold gas, plus 
the mass in young to intermediate-age stars, minus the 
mass released by the older stellar population. 

The total mass-loss rate from the older population is 
not directly measurable but can be estimated from the 
properties of the central galaxy. Assuming an initial 
mass function (IMF) and a population age, one can cal- 
culate the mass of stars that have died during a given 
time interval and subtrac t the mass of their remnants. 
iLeitner fc Kravtsovl ()2010[ ) have compiled results for dif- 
ferent IMFs that can be re presented with a simple fit- 
ting formula introduced by lJungwiert et al.l ()200lD , in 
which the fraction of the initial stellar mass that has 
been returned to interstellar space by time t equals 
fg = Co ln(a-i + 1), with Co « 0.05 and A « 5 Myr, de- 
pending on the IMF. The specific mass-loss rate per ini- 
tial stellar mass is then /g = Co/(i + A) « 4 x 10^^^ yr~^ 
for a population that is ^ 12 Gyr old. If there are sig- 
nificant numbers of younger stars, the specific mass-loss 
rate will be greater than this. 

Assessments of the total stellar mass currently asso- 
ciated with a central cluster galaxy depend somewhat 
on where one draws the boundary between the central 
galaxy and the intracluster light. Here we will base 
our estimates of the total stellar mass in central cluster 

tlaxies on the /-band observations of Gonzale z et al.l 
)05), who find average values of Mi{< lOkpc) = 
-23.11, Mi{< 50kpc) = -24.26, and M/(< 300 kpc) = 
—24.96. According t o the population synthesis models of 
iBruzual fc Charlotl ()2003l ) . a stellar population with an 
initial mass of 10^^ Mq, a ichabrieil ^2003) IMF, and an 
age of 12 Gyr would now have Mj = —24.15. The cur- 
rent stellar population within each radius therefore cor- 
responds to an initial stellar mass of Minit(< 10 kpc) = 
4 X 10" M©, Mi„it(< 50 kpc) = 1.1 x IO^^Mq, and 
Minit(< 300 kpc) = 2.1 X 10^2 A/0. 

Multiplying these numbers by the specific mass-loss 
rate given above implies current mass-loss rates within 
central cluster galaxies ^ 2A/0yr^^ at < 10 kpc, 
~ 4M0yr-i at < 50 kpc, and ~ SMgyr"! at < 
300 kpc. All of these numbers increase if there are stars 
younger than 12 Gyr. Figure [T] shows how this source 
of mass compares with the st ar-formation ra t es inf erred 
from Spitzer observ ations by iDonahue et al.l (|2011h and 
lO'Dea et all (|2008[ ). These samples suffer from a strong 
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Fig. 1. — Star formation rates and gas depletion times in cen- 
tral cluster galaxies and other star-forming gala xies. The star- 
forma tion rates for centr al cluster ga laxies are from I Donahue et al.l 
ll2011h (diamonds) and l O'Dea et aU (120081 ) (crosses), with gas 
masses from Edgg l|2001l ) used to obtain depletion times. As- 
terisks and triangles represent nearb y star -f ormin g galaxies from 
Leroy ct al. (2008) and Krumholz et al.l ( 120111 ). respectively. 
Squar es represent star-forming galaxies at 2; > 1 from lGenzel et all 
II2OIOI ). Dotted lines show rates of 2, 4, and 8 Mq yr~^ , respec- 
tively. Dashed linos show H2 gas masses of 10®, 10^", and 10^^ M, 
(left to right). 
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selection bias, in that they were selected for Spitzer fol- 
lowup because they were expected to be particularly 
bright infrared sources. Nevertheless, only the most ex- 
treme examples have star-formation rates that greatly 
exceed their stellar mass-loss rates. Most central clus- 
ter galaxies have no measurable star formation, and sys- 
tems with more than ^ 10 Mq yT~^ of star formation are 
rare. In other words, the observed star-formation rates 
in central cluster galaxies are usually similar to or less 
than the total stellar mass-loss rates, with some notable 
exceptions. Stellar mass-loss can account for these ex- 
ceptional cases only if they are brief bursts of rapid star 
formation in systems with a lower long-term average rate. 
Alternatively, they may be cases in which ICM conden- 
sation is the dominant mass source, in which case one 
might expect them to have a lower dust-to-gas ratio — a 
hypothesis that can potentially be tested with Herschel 
observations. 

The vertical axis of Figure [T] shows estimates of the de- 
pletion time for cold star-forming gas inferred from the 
quotient of the molecular gas mass in the central cluster 
galaxy, inferred from CO observations bv lEdgd (j200il) . 
and the galaxy's star-formation rate. Gas depletion 
times for star-forming central cluster galaxies are typi- 
cally ^ 1 Gyr, interestingly similar to those of other star- 
forming galaxies in very different environments but with 
comparable star- formation rates. Asterisks and triangles 
in Figure [1] r epres ent n earby star-forming gala xies from 
iLerov et all (|2008D and lKrumholz et al.l pOlll ). respec- 
tively, while the s quares repres e nt sta r-forming galax- 
ies at z > 1 from iGenzel et all ()2010( ). The fact that 
central cluster galaxies occupy a similar region in the 
star- formation/gas depletion plane suggests that similar 
mechanisms may be regulating star formation in all of 
these systems. 
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3. THERMAL HISTORY OF STELLAR EJECTA 

The estimates made in the previous section do not 
prove that normal stellar mass-loss is a more important 
source of star-forming gas than condensation from the 
hot medium. They do, however, indicate that it cannot 
be neglected. Here we discuss what happens to that gas 
after it is ejected and how its fate may depend on the 
pressure of the hot ambient medium. 

First, consider what happens in clusters with a cen- 
tral electron density rieo < 0.02 cm^^, implying a cen- 
tral cooling time > 2 Gyr. The total stellar mass 
in the inner ^ 20 kpc of a central cluster galaxy is 
nearly independent o f a cluster's global properties (e.g., 
iHaarsma et al.ll2010[ ). meaning that central stellar mass 
loss rates do not differ much from cluster to cluster. 
Over the last ~ 6 Gyr, a central galaxy's stars have 
released ^ 3 x 10^° Mq within a ^ 50 kpc radius and 
~ 10^" Mq within ~ 10 kpc. However, clusters with 
central cooling times > 2 Gyr do not have have star 
formation rates > lAfoyr"^ and do not have cold-gas 
reservoirs with > 10^" M©. Lacking another mass sink, 
we conclude that the ejected gas in these systems must 
have been heated to the ambient temperature of the in- 
tracluster mediu m, in accord with previous expectations 
()Mathewslll990[ ). Most of it has subsequently been trans- 
ported away from the cluster's center, since the gas mass 
within 10 kpc is < 10^ Mq. However, this class of clus- 
ters tend s not to show much radio power from a central 
AGN (Ca vagnolo et al.ll2008[ ). suggesting that a mecha- 
nism other than AGN feedback, perhaps a combination 
of ICM turbulence and thermal conduction, is responsi- 
ble for the transport. 

Next, consider clusters with greater central electron 
densities and shorter central cooling times, but with 
star- formation rates < 1 Mq yr~^ and cold- gas reservoirs 
< 10^*^ A/©. Again, the primary sink for normal stellar 
mass loss would appear to be the hot ambient medium. 
Furthermore, gas-mass accounting suggests that the net 
flow of gas is still outward, at least for systems with 
Heo ^ 0.1 cm~'^, because the mass of hot gas within 
10 kpc is < 10^° Mq. It is also possible that some of 
the ejected stellar mass has accreted onto a central black 
hole. In either case, the gas flow pattern in the cen- 
tral 10 kpc is not simply an AGN-regulated cooling flow 
that gradually transports the hot ambient medium in- 
ward. If condensation of the intracluster medium is fu- 
eling the AGN, then the resulting feedback must be car- 
rying most of the ejected stellar mass outward from the 
central 10 kpc, at least in systems with Ueo < 0.1 cm~'^ 
and no other comparable mass sinks. 

Now we turn our attention to clusters with rigo ^ 
0.1 cm~^ and star-formation rates > 1 Mq yr^^, in which 
the fate of stellar mass loss is potentially more interest- 
ing. The main question to ask is whether mass flowing 
from stars in the central galaxies of these clusters can 
remain cool and distinct from the hot ambient medium 
long enough to collect into a cool-gas reservoir that fuels 
star formation. This Letter will not definitively answer 
that question but will present arguments suggesting that 
preservation is possible and depends on the pressure of 
the ambient medium. 

Most of the matter returning to interstellar space is 
coming from evolved stars at speeds not greatly ex- 



ceeding the star's escape velocity and will remain cool 
during its initial interaction with the ambient medium. 
Here we will assume that a typical dying star is los- 
ing m = (10~^ Mq yr~"'^)m_7 with a wind speed of 
Uw = (40kms^^)v4o. Suppose the star is moving at 
u* = (400kms^"'^)w4oo relative to an ambient medium 
with electron density (0.1 cm~'^)no.i. The star's motion 
may or may not be supersonic, depending on whether 
the ambient temperature is greater than (0.6 keV)?;4oo- 
In most clusters of interest the central temperature is 
hotter than this, the star's motion will be subsonic, and 
the stellar wind will shock when its ram pressure ap- 
proaches the ambient pressure, at a radius « (7.5 x 

10^^ cmjm]/^ vIq"^ UqY'^T^JJ'^ , where Tkcv is the ambient 
temperature in units of keV. After passing through this 
shock at the stellar-wind speed, the temperature of the 
stellar ejecta will not be much greater than 10'' K, but 
what happens next? 

The standard assumption is that Rayleigh- Taylor and 
Kelvin-Helmholz instabilities will break the dense ejected 
gas into fragments t hat quickly mix with the hot am- 
bient medium (e.g., iMathewi Il990l) . These instabili- 
ties do indeed develop in hydrodynamical simulations 
of stellar wind interactions with a hot medium, which 
also sho w that that radiative coo l ing can act to delay 
mixing (jParriott fc Bregman|[2Q08t iBregman fc ParriottI 
l2009t ). However, such treatments assume that the fluid 
approximation can be applied to this problem. In fact, 
the ion mean free path in the ambient plasma of a clus- 
ter's core is at least two orders of magnitude larger than 
the standoff radius of the stellar wind, implying that the 
interaction between the wind and the ambient medium 
must be magnetically mediated. In that case, the usual 
hydrodynamical ins tabilities m ay be suppressed by mag- 
netic draping fe.g.. lDursill2007() . which can also insulate 
the stellar ejecta from thermal conduction. One possibly 
relevant example is the evolved star Mira, whose wind 
enters a bow shock ~ 1.6 x 10^^ cm (0.05 pc) from the 
star and then flows into a trailing tail. Far-UV emission 
from the tail, which extends at least 4 pc behind the star, 
is presumed to be from molecular hydrogen, indicating 
that at least some of the s tellar ejecta remains cold and 
dense ([Martin et al.l [20071) . Ultimately, the survival of 
ejected gas in a cold state depends on its magnetic con- 
nectivity with the ambient medium, which has not yet 
been adequately simulated, but in general, higher ambi- 
ent pressure will lead to greater gas density in the tail, 
making it easier for radiative cooling to offset thermal 
conduction. 

Another consideration is whether high-speed collisions 
with the winds of other mass-losing stars can effectively 
heat cold ejected gas. One way to assess the impor- 
tance of these events is to estimate the fractional volume 
swept out by the cross sections of stellar-wind stand- 
off shocks. The standoff shock of each star's wind has 
a cross-sectional area = 0.25 rhvw Pa where Pa = 
3 X 10"^" Mo.iTkeV erg cm~^ is the pressure of the ambient 
medium. Assuming a stellar mass-loss rate ~ 2MQyr~^ 
within 10 kpc of the galaxy's center, we find that the frac- 
tional volume visited by stellar-wind shocks in a Hubble 
time is ~ 0-iv4ooV4:onQ iT^J^. This is not a rigorous cal- 
culation but rather is meant to illustrate that ambient 
pressure again plays an important role. Stellar winds in 
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clusters with low central entropy and high central pres- 
sure sweep out only a small fraction of the volume within 
the central 10 kpc, while winds from stars in galaxies 
with ambient pressures < 10~^keVcm~'^ can sweep out 
a large fraction of that volume, potentially preventing 
cool stellar ejecta from accumulating and forming stars. 
A more detailed quantitative assessment of this mech- 
anism is needed to determine how the survival of cold 
clouds depends on ambient pressure and the local den- 
sity of mass-losing stars. 

4. DISCUSSION 

We have shown that the total stellar mass-loss rate in 
a central cluster galaxy is comparable or greater than 
the star-formation and inferred gas-cooling rates in all 
but the most extreme cluster cores. We have also pre- 
sented evidence that gas ejected from stars in cluster 
cores might remain cold, particularly in clusters with 
low core entropy and high core pressure. Taken together, 
these findings suggest that the main source of the cool 
star-forming gas found in many low-entropy cluster cores 



may be the stars of the central galaxy, providing a natu- 
ral explanation for why that gas is dusty. Even if some of 
the star-forming gas has condensed from the intracluster 
medium, the contribution of stellar mass loss cannot be 
neglected. It has long been an important source term in 
mo dels of cooling flows in indi vidual elliptical galaxies 
(see lMathews fc Brighentill2003l and references therein). 
However, the larger stellar masses and greater ambient 
pressures of central cluster galaxies may make them much 
more effective at recycling stellar ejecta into new stars. 
Future simulations of central cluster galaxies and their 
relationship to cool cluster cores must account for this 
important source of cool gas. 
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